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A growing body of literature supports microbial symbiosis as a foundational principle
for the competitive success of invasive plant species. Further exploration of the
relationships between invasive species and their associated microbiomes, as well as
the interactions with the microbiomes of native species, can lead to key new insights
into invasive success and potentially new and effective control approaches. In this
manuscript, we review microbial relationships with plants, outline steps necessary to
develop invasive species control strategies that are based on those relationships, and
use the invasive plant species Phragmites australis (common reed) as an example of how
development of microbial-based control strategies can be enhanced using a collective
impact approach. The proposed science agenda, developed by the Collaborative for
Microbial Symbiosis and Phragmites Management, contains a foundation of sequential
steps and mutually-reinforcing tasks to guide the development of microbial-based control
strategies for Phragmites and other invasive species. Just as the science of plant-microbial
symbiosis can be transferred for use in other invasive species, so too can the model of
collective impact be applied to other avenues of research and management.
Keywords: symbiosis, Phragmites, invasive species management, fungi, bacteria, collaborative, endophyte, Great
Lakes Region
INTRODUCTION
Invasion of native ecosystems by non-native (i.e., exotic) plant
species is a widespread problem. For example, Morse et al. (1995)
estimated that more than 5000 exotic plant species have become
established and displaced native plant species in the U.S. The
problem continues to grow as over 700,000 hectares per year of
wildlife habitat are invaded by invasive species (Babbitt, 1998).
Invasive plants negatively impact both the ecosystems and the
economy of the United States (Pimentel et al., 2000), where about
400 of the 958 species listed as endangered or threatened are con-
sidered to be at risk due to pressure from invasive species (Wilcove
et al., 1998).Management and control of invasive plants is a prior-
ity for many agencies and organizations across the United States
and entails a significant investment of resources. For example, the
National Invasive Plants Council, composed of members of many
federal agencies with a goal to provide high-level interdepart-
mental coordination of federal invasive species actions, estimated
that $2.2 billion (U.S.) was spent during FY2012 on invasive
species activities (National Invasive Species Council, 2014). The
total control cost for exotic and invasive aquatic weeds in the
United States is estimated at $100 million annually (Pimentel,
2005). In the State of Florida alone, $14.5million is spent annually
on aquatic hydrilla (Hydrilla verticillata) control, and H. verticil-
lata infestations in only two Florida lakes have amounted to $10
million annually in recreational losses, including swimming and
boating (Center et al., 1997). Similarly, state departments of natu-
ral resources, various collaboratives, and local watershed councils
are also concerned with invasive species. In the Great Lakes
region, the Great Lakes Restoration Initiative (GLRI), the largest
U. S. investment in the Great Lakes in two decades, includes com-
bating invasive species as one of its five urgent issues (Great Lakes
Restoration Initiative, 2010, 2014).
Although extensive resources from state and federal agencies
have been devoted to both management and control of inva-
sive plant species across the U.S., there is evidence that this
intensive investment may not be producing the intended man-
agement results (Reid et al., 2009; Martin and Blossey, 2013).
There is a need for new, innovative tools to control invasive
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species that address the drivers of invasion. A growing body of
literature supports microbial symbiosis as a foundational prin-
ciple for the competitive success of invasive species. Much of
this insight has emerged from ecological studies of microbiomes
(see Glossary for definitions of select terms) demonstrating that
the health, productivity, and adaptive capacities of all organisms,
whether they be humans (Pflughoeft and Versalovic, 2012), non-
human mammalian species (Ley et al., 2008; Muegge et al., 2011),
insects (Engel and Moran, 2013), amphibians (Kohl et al., 2013;
Kueneman et al., 2014), birds (Kohl, 2012), fish (Wu et al., 2012;
Ye et al., 2014), or plants (Bulgarelli et al., 2013; Berg et al., 2014;
Rout, 2014) can be linked in various ways to their microbiomes
(i.e., microbial communities). This new and growing understand-
ing of the diversity, specificity, and wide-ranging function and
impacts of host-associated microbiomes makes it clear that the
behavior, dynamics, and interactions of organisms cannot be
understood or predicted without a consideration of their asso-
ciated microbiota (Gilbert et al., 2012). We believe, therefore,
that a deeper understanding of the relationships between invasive
species and their associated microbiomes, as well as the interac-
tions with the microbiomes of native species, can lead to key new
insights into invasive success and potentially new and effective
control approaches. This approach is particularly promising for
invasive plant species because of opportunities to target control
efforts on the special dependence that all plants have on the
recruitment of microbiota for growth, tolerance to stress, and
resistance to disease. Potential control efforts could target the
introduction of pathogenic microbes or inhibition of beneficial
fungi (e.g., targeting microbial relationships that confer competi-
tive benefits). In this manuscript, we review microbial (primarily
endophytic) relationships with plants, outline steps necessary to
develop invasive species control strategies that are based on those
relationships, and use the invasive plant species Phragmites aus-
tralis as an example of how development of microbial-based
control strategies can be enhanced using a collective impact
approach.
PLANT-MICROBIAL INTERACTIONS
As with humans and other animals, plants also interact symbioti-
cally with microbes throughout their life history. These symbioses
are initiated through vertical transmission to juveniles at the time
of seed development or through continuous horizontal acqui-
sition from the environment (Figure 1). This plant-associated
microbiome (Turner et al., 2013; Rout, 2014) spans the diver-
sity of microbial life residing either within the plant as endo-
phytes or as epiphytes on foliar (Peñuelas and Terradas, 2014)
and subterranean (Mendes et al., 2013) plant surfaces. Broadly,
these associations may be either intimate or casual, yet many are
FIGURE 1 | Schematic of microbiome surrounding a plant throughout
its life history. UL: Endophytic fungi and bacteria can be transmitted
within the seed coats of certain plant species. UR: As seeds germinate,
roots, stems, and leaves of seedlings can be inhabited by various
microbes. Those microbes may have been transmitted through seeds, soil
and plant litter on site, or airborne spores. LR: A mature plant may be
thoroughly infected with microbes. LL: As perennial plants senesce, some
endophytes are transmitted to the next generation through seeds or
through living rhizomes. Other microbes may be transmitted through
spores in the plant litter.
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thought to contribute to plant health and development (Borer
et al., 2013). Many plant-microbe associations may be commen-
sal, for which no overt benefit or harm is observed, or mutualistic,
in which plant growth and development are often promoted
(Hirsch, 2004). Still other pathogenic symbioses may negatively
impact plant growth and/or result in developmental deficien-
cies or mortality. These relationships also are not static and may
vary frommutualistic to pathogenic during different stages of the
microbial or plant life cycle (Kogel et al., 2006). Responses of plant
populations to this range of symbiotic associations will directly
reflect the net impacts of both mutualistic and pathogenic sym-
bioses, as well as indirect impacts that may involve commensals
(Bever et al., 2010).
Endophytic mutualists and pathogens
The endophytic habit is described as the internal colonization of a
plant by a microbe. There are several variations to this endophytic
life style. For example, endophytic microbes are often restricted
to particular organs, usually roots, stems, or leaves. Some endo-
phytes occupy only above-ground plant parts, whereas others
are restricted to subterranean organs and tissues. Endophytic
microbes most commonly live exclusively within a plant in a
biotrophic mode, obtaining their nutrition solely from the plant.
As a result, many endophytic microbes form obligate associations
with plants, most often inside the plant host but occasionally
outside of the host (e.g., arbuscular mycorrhizal fungi or AMF).
Commonly, endophyticmicrobes that are systemically distributed
in plants (Class 1 and 2 fungal endophytes) are vertically trans-
mitted through successive generations of hosts in seeds or in
rhizomes of clonal plants, whereas endophytes restricted to par-
ticular tissues or organs of hosts (e.g., class 3 endophytes) are gen-
erally transmitted horizontally (Rodriguez et al., 2009). Among
the more commonly studied fungal endophytes are species of
Epichloë (=Neotyphodium asexual stage) that are restricted to
above-ground portions of cool-season grasses, including leaves
and inflorescences (Tanaka et al., 2012), and broadly distributed
root-infecting AMF that comprise species within the phylum
Glomeromycota (Willis et al., 2013), commonly in the gen-
era Glomus and Gigaspora (Dumbrell et al., 2010). Bacterial
endophytes, however, may represent species spanning several
bacterial phyla: Actinobacteria, Proteobacteria, Firmicutes, and
Bacteroidetes (Malfanova et al., 2013). Endophytic infections by
either fungi or bacteria often lead to enhanced plant productivity,
either by enhancing nutrient acquisition, producing plant growth
hormones, synthesizing metabolites that restrict vertebrate or
invertebrate herbivory, or also by reducing disease susceptibility
(Rodriguez et al., 2009). However, under appropriate conditions,
endophytic interactions may transform from a mutualistic asso-
ciation to a pathogenic association (Newton et al., 2010; Alvarez-
Loayza et al., 2011), blurring the lines between species that are
strict mutualists and those that are strict pathogens.
Most common epiphytic bacterial and fungal plant pathogens
also have a significant endophytic phase to their life cycle.
Latent infections are common, and pathogens may reside endo-
phytically in plants for extended periods without causing any
mortality, growth reductions, or reductions in fitness (Delaye
et al., 2013; Malcolm et al., 2013). Many of these potential
pathogens originate from epiphytic populations residing either
in the rhizosphere (below-ground zone adjacent to plant roots)
or phyllosphere (above-ground zone adjacent to leaves), although
pathogen communities ultimately found in roots are more diverse
than those found in leaves (Angelini et al., 2012). As with Epichloë
and other fungal and bacterial endophytes, interactions with
plants may switch from pathogenic back to mutualistic, reinforc-
ing the importance of the dynamics of interacting factors associ-
ated with hosts, microbes, and the environment (Scholthof, 2007)
that ultimately determine the nature of microbial interactions
with plants at any given time.
Epiphytic microbial associations
The epiphytic lifestyle generally refers to microbial development
directly on host surfaces. Yet, this development, driven by carbon
release from plant parts (Hirsch et al., 2013), is often main-
tained within a spatially and temporally variable phyllosphere
and the rhizosphere. These epiphytic symbionts originate from
soil, water, seed, animal excrement, or the atmosphere and com-
prise the breadth of bacterial and fungal diversity (Vorholt, 2012).
Different plant organs and tissues support different commu-
nities of microbes (Normander and Prosser, 2000), but in all
cases, these epiphytic associations are driven largely by nutri-
ents released from the plant into the adjacent soil (Dennis
et al., 2010) or leached from foliar plant parts (Vorholt, 2012).
Similar to endophytic associations, epiphytic associations span
the range from mutualistic to pathogenic but often provide pos-
itive impacts on plant growth and health either through direct
growth enhancements (Lugtenberg and Kamilova, 2009) or sup-
pression of pathogens (Mendes et al., 2011).
PLANT-MICROBIAL SYMBIOSIS AND INVASION
Increasingly, it is recognized that microbial symbioses may be
important determinants of plant invasiveness and can either
exacerbate or inhibit invasive success, depending on origins of
the symbiont (from the native or invasive range) and on the
direction, prevalence, and strength of the symbiotic interactions
(Richardson et al., 2000; Berg et al., 2014; Coats and Rumpho,
2014). However, the nature and magnitude of the role of micro-
bial symbioses in biological invasions is not always clear (van der
Putten et al., 2007). Therefore, a better understanding of general
mechanisms of biological invasions as a whole will result in more
effective management of invasive plant populations (Mack, 1996;
Rejmanek, 2000; Richardson et al., 2000).
Invasive plants and native pathogens
Darwin (1872) observed that plant and animal species brought to
new regions of the world often experienced dramatic population
growth and surmised that these species escaped from regula-
tion by “natural enemies.” The enemy release hypothesis (ERH)
predicts that plants introduced to a new region will benefit by
encountering fewer specialist enemies compared to their native
range and will be less affected by resident generalist enemies than
resident plants. This escape from natural enemies would pro-
vide a competitive advantage over resident species (but see van
Kleunen and Fischer, 2009). Many studies suggest that biologi-
cal invasions are most likely to start in areas with low levels of
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ecological resistance and by invaders largely free from their native
natural enemies (Reinhart et al., 2003; DeWalt et al., 2004; Knevel
et al., 2004; Vila et al., 2005) (but see Beckstead and Parker, 2003,
for an exception). For example, correlative studies report that
many invasive plants are associated withmore foliar (Mitchell and
Power, 2003) and root (van der Putten et al., 2005) pathogens in
their native than non-native ranges. Further, plants categorized as
harmful invaders experienced a greater decline in pathogen infec-
tion from native to invaded range than weak invaders. Because
most natural plant communities have diverse resident pathogens,
successful invaders are likely to encounter non-adapted pathogens
that cause less damage relative to what they experienced in their
native ranges. However, as the density, range, and time-since-
invasion of invasive plants increase, interactions with pathogens
are likely to change.
Invasive plants and novel pathogens
Native pathogens, which may be novel to the introduced species,
may immediately prevent invasion (biotic resistance hypothesis)
so that the invading species never becomes established or reaches
such densities as to displace native species (Elton, 1958; Knevel
et al., 2004; Parker and Gilbert, 2004). Outside of agricultural
species, we have little knowledge of failed invasions (Scheffer,
1997). Biotic resistance may be more effective where invasive
species are closely related to native species. For example, Parker
and Gilbert (2004) found no difference in disease levels in native
vs. introduced clovers occurring at the same site. Invasive species
from an unrelated genus or family should be less likely to be col-
onized by novel pathogens than invasive species closely related to
co-occurring native species. However, over time, the number of
novel pathogens that accumulate on invasive species is likely to
increase. For example, Strong and Levin (1975) found that intro-
duced British trees support the same number of fungal parasites
as native tree species 300 years following their introduction. As
the success (i.e., high density) of an invasive species increases, the
chance that a virulent pathogen will arise and lead to epidemics
and major die-offs also increases. Negative effects of pathogen
buildup have been demonstrated both theoretically and empir-
ically (Hudson et al., 1998; Turchin et al., 1999; Hassell, 2000).
Disease epidemics in native plant species (Rizzo and Garbelotto,
2003) and rapid control of invasive species by biocontrol efforts
(Burdon et al., 1981; Cox and McEvoy, 1991) also point to the
potential of enemies to regulate plant populations. For example,
the weevil (Euhrychiopsis lecontei) colonized Eurasian watermil-
foil (Myriophyllum spicatum) and greatly reduced populations
across its invasive range (Creed and Sheldon, 1995; Creed, 2000).
More recently, Flory et al. (2011) reported that a Bipolaris fun-
gal pathogen greatly reduced the biomass and reproduction of
invasive Japanese stiltgrass (Microstegium vimineum) in naturally-
infected invasive populations. Over time, invasive plant species
may become increasingly regulated by natural enemies (Flory and
Clay, 2013).
Invasive plants and native mutualists
Most plant species form mutualistic symbioses with arbuscular
mycorrhizal fungi (Allen, 1991), N-fixing bacteria (Huss-Danell,
1997; Parker, 2001), or endophytic fungi (Clay and Schardl, 2002;
Angelini et al., 2012) or from simultaneous infection by multiple
mutualists (Larimer et al., 2010). However, as in the case of the
ERH, invasive species may often colonize new habitats without
their native symbiont. If a microbial mutualist is obligate, inva-
sions will fail in the absence of the symbiont. For example, early
attempts to introduce pines into Australia failed until appropriate
mycorrhizal fungi were introduced simultaneously (Allen, 1991).
Similarly, Parker (2001) concluded that “legumes may often fail
at colonization attempts within habitats where mutualist partners
are scarce.” However, this situation can also favor invasive species
that are less dependent on mutualistic symbionts. For example,
invasive St. John’s wort (Hypericum perforatum) is less dependent
on AMF compared to populations from its native range (Maron
et al., 2004). More generally, colonizing species may be less
dependent on symbiotic associations than non-colonizing species
(Baker and Stebbins, 1965). On the other hand, if coloniza-
tion by the plant and symbiont occur simultaneously, as in the
case of seed-transmitted fungal endophytes of grasses (Clay and
Schardl, 2002), then invasiveness may be enhanced by symbio-
sis. In experimental plots of non-native tall fescue grass (Lolium
arundinaceum) where endophyte infection was experimentally
manipulated, endophyte-infected plots had significantly greater
biomass of tall fescue, less biomass of other species, and lower
species richness (Clay and Holah, 1999; Rudgers and Clay, 2008).
Non seed-transmitted mutualists may be widely dispersed and
not limit invasions. For example, in Hawaii the invasive species
faya (Myrica faya) fixes nitrogen via symbiosis with Frankia bac-
teria and greatly alters ecosystem nitrogen dynamics (Vitousek
et al., 1987; Walker and Vitousek, 1991). However, Zimpfer et al.
(1999) found that the density of infective Frankia decreased
with distance from established invasive Casuarina cunninghami-
ana trees in Jamaica, suggesting strong spatial dependence of
invasions on Frankia density associated with established host
populations.
Invasive plants and novel mutualists
Invasive plants colonizing habitats in the absence of their native
symbionts may become colonized by novel mutualists. The likeli-
hood of this occurring may depend on the level of host-symbiont
specificity and on the phylogenetic relationship of the inva-
sive plant with native plant species. Some mutualistic interac-
tions like pollination or seed dispersal may be fairly general
and do not represent a strong barrier to invasion (Richardson
et al., 2000). One example of an invasive plant that estab-
lished a symbiotic association with a novel mutualist in its
invaded range is purple nutsedge (Cyperus rotundus) infected
by the fungal symbiont Balansia cyperi. The plant is native
to Asia but has been widely introduced in agricultural areas
outside its native range–to the extent that it is classified as
the world’s worst weed (Holm et al., 1977). Balansia cyperi,
on the other hand, is native to the southeastern U.S., Central
America, and South America, where it infected several native
Cyperus species (Diehl, 1950). Invading purple nutsedge pop-
ulations in the U.S. Gulf coast region were also infected by
B. cyperi, which produced a large increase in bulbil production
and overall plant reproduction (Stovall and Clay, 1988). The fun-
gus likely jumped from a native Cyperus host to C. rotundus
in this region, exacerbating its competitive ability and inva-
siveness. Host shifts of novel mutualists onto invasive plants
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must certainly occur in other systems but have not been well-
documented.
INVASIVE SPECIES MANAGEMENT THROUGH MICROBIOME
MANIPULATION
Given the multitude of means by which microbes can impact host
organisms and, ultimately invasion success, there is great poten-
tial for the management of invasive species through intentional
manipulations of symbiotic relationships that result in either
reduced competitiveness of invasive species or increased produc-
tivity and fitness of non-invasive plants (e.g., plants recruited after
habitat restoration efforts). For example, if it is shown that fun-
gal endophytes enhance the competitive capacities of an invasive
plant species, encouraging the growth of antagonistic bacterial
endophytes through exogenous applications may be explored as a
way to truncate benefits stemming from fungal endophytes. This
strategy is successfully being employed in crop plants to eliminate
toxic endophytes (Bacon and Hinton, 1999).
Manipulation of the plant microbiome is a strategy that may
be used to alter the competitive capacity of plants. Strategies
to encourage or discourage specific microbes that impact plant
performance may be employed, either to reduce competitive-
ness of the invader or to increase the resilience of native species.
Such a microbiome manipulation strategy has been successfully
explored with human health issues and serves to illustrate the
promise of such an approach. Although many now recognize
the importance of diet in directly manipulating the gut micro-
biome of humans and other animals (Muegge et al., 2011), other
manipulation strategies with humans such as fecal transplants
are gaining scientific credibility and public acceptance (van Nood
et al., 2014). In fecal transplantation therapy, complex gut micro-
biomes from a healthy donor are introduced into the colons of
patients suffering from intestinal infections. Often such probiotic
manipulations reverse the trajectories of sick patients in a mat-
ter of days, restoring them to health (de Vrieze, 2013). Similar
probiotic therapies involving plants have been used in agricul-
ture for many years, whereby the introduction to soils of complex
microbiomes from naturally disease suppressive soils (Chaparro
et al., 2012) or from disease suppressive organic amendments
(Hadar and Papadopoulou, 2012) have altered plant health tra-
jectories by altering microbial species in the soil microbiome.
These species are then recruited to the plant as endophytes
and epiphytes. Similar plant and/or soil microbial manipulations
could also be possible to alter invasion trajectories of introduced
plant species.
We recognize that determining the role of the various micro-
bial species in the success of invasive Phragmites or other plant
species is complex, given the large number of biotic and abi-
otic variables involved. It is widely appreciated that beneficial
symbionts such as rhizobia and mycorrhizae can enhance host
nutrition, growth, and stress resistance, while pathogens have
opposite effects. Beneficial plant-growth promoting bacteria, pri-
marily found in the soil environment, are also known from many
agricultural and natural systems where they help improve the
growth and vigor of host plants (Compant et al., 2010). In agri-
cultural systems, specific microbes are often used as bioinoculants
to enhance crop productivity or to reduce pathogen and pest
damage (Nelson, 2004; John et al., 2011). For example, plant
growth-promoting rhizobacteria are applied directly to seed or to
the soil when planting to ensure inoculation with themost benefi-
cial strains (Kaymak, 2011). Plant-growth promoting fungi such
as Trichoderma species can also have similar positive effects on
plants distinct from other plant-symbiotic fungi such as mycor-
rhizal fungi and foliar fungal endophytes (Harman et al., 2004;
Contreras-Cornejo et al., 2009). Colonization of roots by plant-
growth promoting fungi can enhance resistance to pathogens and
abiotic stresses, nutrient uptake and the productivity of crops.
However, the biological roles of most host-associated microbes
are unknown. Initial research to identify the most common and
widespread microbial taxa found in the rhizosphere or within
the target species can guide subsequent evaluation of microbial
impact on host plants. Microbial taxa common among target
plants growing within many populations throughout the land-
scape are more likely to influence landscape-scale competitiveness
than taxa only observed in a limited number of plants. In the
case of invasive plant species, the most prevalent and beneficial
microbes could be targeted for control through chemical or bio-
logical treatments to reduce the growth and vigor of the invasive
plant indirectly.
FORMING A SCIENCE AGENDA
There has been some recent work highlighting the role of the
microbial community in invasion success (highlighted above),
but significant information gaps need to be filled before
microbial-based control measures can be developed. To accel-
erate this development, we propose that a series of strategic
actions can be used to ensure that the correct microbes are being
targeted and that the desired results are achieved. Figure 2 pro-
vides a foundation of sequential steps to guide the development
of microbial-based control strategies for invasive plant species.
FIGURE 2 | Conceptual strategy for developing a microbial-based management approach to invasive plant species (e.g., Phragmites australis).
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Similarly, it could be used as a guide to develop probiotics that
promote the growth of native plant species.
1. Identify and characterize microbes influential to target inva-
sive and non-invasive plants—To design and implement an
effective microbiome manipulation strategy, the microbial
constituents relevant to the invasive plants of interest must
be characterized. The host range, tissues colonized, mode of
transmission (e.g., vertical, horizontal), assemblage diversity,
temporal variability, and other criteria can help describe the
local microbiome. A complete inventory will include doc-
umentation of any relevant rhizospere microbes, such as
Oomycetes or plant growth promoting and endophytic Bacillus
spp. (Gond et al., 2014), and whether significant interactions
among endophytes exist. This step establishes the foundation
on which the remaining steps are based.
It is likely that native plant communities also are intrinsi-
cally linked to fungi and bacteria. Thus, it is also impor-
tant to identify which endophytes are common in native
species and initiate studies that will allow forecasting of
possible behavior and outcomes from either a common
species or an interaction of species during a specific
growth phase. Results could guide targeting of specific life-
stages, both pre-infection and post-infection, to maximize
treatment response.
2. Determine roles played by the microbial community—Once
the target microbiomes are characterized, it is necessary to
examine the benefits or other effects that they confer to the
plants. Specifically, this step involves identifying the func-
tional roles of identified microbes and exploring how they
affect plant growth, development, and tolerance to extreme
conditions (all characteristics that contribute to a plant’s
competitive ability). Similarly, examination of how identi-
fied microbes affect the function and competitiveness of
native plants.
3. Target relationships for control or enhancement—Once the
microbial constituents and their roles are identified, the most
influential relationships could be targeted for control or
enhancement. Specifically, this stage will involve determin-
ing if endophytes can be controlled, how control treatments
impact both target and non-target species, and how treatments
alter competitive ability. Endophytes in target native plant
species require a different approach focused on determin-
ing whether native species can be inoculated with beneficial
endophytes (i.e., probiotics) and if inoculation will increase
competitive abilities compared to invasive plants.
4. Test effectiveness and feasibility of new methods under field
conditions—After critical microbial assemblages are identified
and targeted for control or enhancement, new management
methods need to be developed and field-tested to character-
ize effectiveness, cost-efficiency, and risk through space and
time. For example, tests of treatment specificity will charac-
terize potential impacts of a control method on non-target
organisms and environments. This step also involves exam-
ining the feasibility of scaling up to the landscape level and
exploring the regulatory and financial aspects of new control
(or enhancement) methods.
A CASE STUDY ON THE INVASIVE COMMON REED:
CREATING A SCIENCE AGENDA FOR MANAGING INVASIVE
PHRAGMITES AUSTRALIS THROUGH MICROBIAL
INTERVENTION
ECOLOGY OF PHRAGMITES
The invasive form of common reed (Phragmites australis, here-
after referred to as Phragmites) is a tall non-native perennial
grass often growing in dense clones throughout North American
wetlands (Figure 3). Although a native subspecies of Phragmites
(Phragmites australis spp. americanus; Saltonstall et al., 2004)
has been present in North American wetlands for thousands of
years, recent aggressive proliferation has been attributed to a non-
native, invasive subspecies (Phragmites australis spp. australis),
also known as haplotype M. The invasive Phragmites was intro-
duced into North America from Europe near the beginning of
the 1900s and has since been aggressively replacing the native
type (Saltonstall, 2002;Mozdzer et al., 2013) and displacing native
wetland plant assemblages. It is widely distributed and has been
found in each state within the contiguous United States, is now
established across the whole Great Lakes basin (Mal and Narine,
2004; Trebitz and Taylor, 2007; Tulbure et al., 2007; Bourgeau-
Chavez et al., 2013), and can be found throughout southern
Canada (Saltonstall, 2002).
This highly invasive plant spreads rapidly through seed disper-
sal, stolons, and rhizomes. Phragmites invasion displaces native
plants and decreases wetland biodiversity, primarily because of
its aggressive root system and tall, dense canopy that shades out
other wetland plants (Chambers et al., 1999). It also may exude
phenolic gallic acid as a form of allelopathy (Rudrappa et al.,
2007; Bains et al., 2009), but the significance of that trait is not
clear (see Weidenhamer et al., 2013). The presence of Phragmites
is known to impair recreational use of wetlands and shorelines,
decrease property values, increase fire risk, and reduce public
safety when proximity to roads disrupts driver visibility (Warren
FIGURE 3 | Invasive Phragmites australis in a Great Lakes coastal
wetland.
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et al., 2001; Mal and Narine, 2004; Trebitz and Taylor, 2007;
Kettenring and Adams, 2011). A few studies describe some pos-
itive effects of Phragmites, including improved oxidation of the
substrate and quality of the sediments (Tulbure et al., 2012), filtra-
tion of nutrients from agricultural lands (Kettenring et al., 2012),
and providing beneficial habitat for the American bullfrog popu-
lation (Rogalski and Skelly, 2012). However, invasive Phragmites
is considered a significant ecological and economic threat by the
public, NGOs, and governmental agencies (Meyerson et al., 2000;
Great Lakes Restoration Initiative, 2014).
CURRENT MANAGEMENT OF PHRAGMITES
Current management approaches can be effective in the short
term, but there are currently no clear means to stop Phragmites
invasions completely (Marks et al., 1994; Warren et al., 2001).
Conventional Phragmites management typically involves the
application of several strategies (chemical, mechanical (cutting
and burning), and hydrologic) used in combination over a long
period of time (Hazelton et al., 2014). This integrated approach is
considered to be the most effective, yet when employed indepen-
dently, these strategies may enhance Phragmites growth. Specific
management protocols depend on many factors, including patch
size and management agency capacity, but in general, repeated
application of herbicides (glyphosate and imazapyr), followed
by removal of biomass by burning or mowing is an effective
Phragmitesmanagement approach (Carlson et al., 2009;Michigan
Department of Natural Resources, 2010; Hazelton et al., 2014).
While this protocol has been successful at reducing Phragmites in
the short term, it is expensive, time-consuming, and generally not
sustainable in the long term. Herbicides can also have negative
impacts on the surrounding environment (Back and Holomuzki,
2008), and their application often draws negative social attention
(Blossey, 1999). Furthermore, aerial and over-water application
of herbicides is prohibited in Canada. Because current manage-
ment methods are unsustainable and not available to all resource
managers, new microbe-based strategies are being investigated.
THE MICROBIOME OF PHRAGMITES
Baseline assessments of Phragmites-associated endophytes offer a
foundation for exploration of potential control methods based
on microbiome manipulations. Commonly, the freshwater and
saltwater wetlands invaded by Phragmites harbor high levels
of microbial diversity and activity (Gutknecht et al., 2006;
Stephenson et al., 2013). As a result, diverse symbiotic interac-
tions of Phragmites with eukaryotic and prokaryotic microbes are
likely to occur. Although not always easily detectable (Lambert
and Casagrande, 2006), ample evidence exists that Phragmites
harbors rich endophytic fungal (Angelini et al., 2012; Fischer
and Rodriguez, 2013) and bacterial (Li et al., 2013; Ma et al.,
2013) communities comprised of both mutualists and poten-
tial pathogens. Equally significant are the epiphytic prokaryotic
(bacterial and archaeal) communities (Llirós et al., 2013; Zhang
et al., 2013) and fungal communities (Wirsel et al., 2001; Van
Ryckegem and Verbeken, 2005). In addition, Phragmites is known
to support oomycete communities (water molds, Wielgoss et al.,
2009; Nelson and Karp, 2013). However, despite the detection
of many known mutualistic and pathogenic symbionts associ-
ated with Phragmites, the specific roles of nearly all of these
Phragmites-associated microbes have not been evaluated. The
exceptions are a few Phragmites-associated rhizosphere bacteria
(Reed et al., 2005) and fungi (Ernst et al., 2003) that have been
shown to enhance plant growth.
A diversity of known pathogenic fungi (Ban et al., 1998;
Mazurkiewicz-Zapalowicz, 2010) and oomycetes (Nechwatal
et al., 2008; Nelson and Karp, 2013) have also been described
in Phragmites populations found in both Europe and North
America. Yet, despite the fairly extensive list of putative foliar-
and root-infecting pathogens, virtually nothing is known about
their virulence to either native or non-native Phragmites haplo-
types, and little mechanistic understanding is known about how
they might influence invasive success. Therefore, screening for
well-studied microbes, like Bacillus spp. that are known to pro-
mote growth and resistance to biotic and abiotic stresses in a
range of plants (Gond et al., 2014; White et al., 2014) could
provide initial insight into the relationship between Phragmites
and pathogenic microbes. These microbes are better understood
in terms of their mechanisms of activity in plants and therefore
could provide important targets for altering the competitiveness
of invasive Phragmites.
Detection and examination of mutualistic or pathogenic endo-
phytes in Phragmites is complicated by the fact that plant-growth
characteristics associated with host variation may be completely
distinct from those influenced by environmental or physiolog-
ical adaptations (Lissner et al., 1999; Meyerson et al., 2000;
Saltonstall et al., 2004). Since microbiome associations are very
genotype specific and there is a suite of Phragmites lineages in
North America, host variation must be addressed in any investi-
gation endophytic and epiphytic microbes and their effect on the
invasive success of Phragmites.
MICROBIAL-DERIVED BENEFITS TO PHRAGMITES
Microbial interactions are thought to convey benefits to inva-
sive Phragmites through enhanced nutrient processing capabilities
and increased tolerance to environmental and habitat distur-
bances. Phragmites is well-adapted for growth in nutrient-rich
habitats but is somewhat plastic in that it grows at low nutrient
levels also (Mozdzer and Megonigal, 2012). Although Phragmites
commonly can be found in low nutrient soils, it grows best at
fertile sites (Romero et al., 1999). The capacity of Phragmites to
cross a range of soil nitrogen concentrations could be related
to maintenance of microbial functional diversity with respect
to nitrogen processing in multiple parts of the nitrogen cycle
(Li et al., 2013). A species of the fungus Stagonospora, for
example, was found to be a common growth-promoting endo-
phyte of Phragmites (Ernst et al., 2003), so it is possible that
this fungus or other fungal species could effectively replace the
nutrient absorption function of AMF. Because AMF have obli-
gate associations with plants, the limited support provided to
these fungi by Phragmites may also provide a possible explana-
tion for the slow re-colonization by native plants in managed
marshes that were previously dominated by Phragmites and have
depleted levels of AMF in the soil (e.g., Tanner and Gange, 2013).
Holdredge et al. (2010) found that native Phragmites was much
more heavily colonized by AMF, suggesting that it would ben-
efit more from increased abundance of AMF than would the
invasive strain.
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Table 1 | Specific tasks outlined by members of PSC to guide research to support Phragmites management using microbial symbiosis.
Science agenda Tasks
Microbial inventory (a) Gather data on the composition and transmission method of epiphytic and endophytic microbes associated
with Phragmites populations
(b) Determine the variation of the Phragmites microbiome in time and space (e.g., within a stand, by site) or time
(e.g., over plant life cycle, age of Phragmites stand)
(c) Explore the relevant pathogenic microbes in Phragmites communities and interactions that may exist with
mutualistic microbes
(d) Characterize the microbiomes of target native plant species to determine if there is a common core group of
taxa from which to explore their significance in a probiotic management approach
(e) Determine variation in native species microbiomes in space, by species, or by growth stage to allow some
predictive patterns that may inform the timing of a manipulative strategy
(f) Compare the endophytic communities of invasive Phragmites to that of native Phragmites
Benefits of microbes (a) Test the plant response of Phragmites when inoculated by particular microbe or set of microbes
(b) Determine endophytes that impact growth rate, biomass production, tolerance to stress, or other
characteristics that may provide a competitive advantage
(c) Assess the impacts of inoculants on Phragmites’ competitive abilities
(d) Determine the impact of Phragmites-associated pathogens on native plant communities
(e) Identify particular microbes associated with Phragmites or with native plants that increase the relative
competitiveness of native wetland species in the presence of Phragmites
(f) Identify individual microbes or microbial consortia that impact plant developmental pathways (e.g.,
nitrogen-fixing bacteria)
Targeting relationships for control (a) Test microbial sensitivities to inhibitors (e.g., fungicides or antibiotics)
(b) Determine the selectivity of microbial inhibitors for particular groups microbes
(c) Test endophyte sensitivity to treatments with limited environmental impact
(d) Determine the competitive outcomes of Phragmites with native plants following the elimination or suppression
of selected microbes
(e) Determine competitive outcomes of Phragmites with native plants with the inoculation of mutualistic microbes
or with the elimination or suppression of pathogens
(f) Explore mechanisms that underly reductions in Phragmites competitiveness
Test control methods (a) Analyze considerations for scaling up to landscape-level application of microbial-based control methods
(b) Perform analysis for appropriate regulatory bodies and involve regulators in discussions and planning
(c) Determine impacts of microbial manipulations on non-target species
(d) Determine the direct environmental impacts of the method of manipulation (e.g., fungicide, boric acid)
(e) Assess costs associated with microbiome manipulation management strategies
(f) Explore optimal management efficacy at short- and long-term time scales
Phragmites is remarkably tolerant of and resilient to a variety of
environmental and habitat disturbances (Hellings and Gallagher,
1992; Minchinton and Bertness, 2003; Silliman and Bertness,
2004; Li et al., 2010), but little is known about how endophytes
may mediate such responses. Chen et al. (2012) surveyed endo-
phytic bacteria associated with Phragmites and evaluated their
capacities to degrade pesticides and other pollutants. They pro-
posed that endophytic bacteria could enhance the capacity of
Phragmites to detoxify polluted waters. The presence of such
bacteria may also contribute to the tolerance of Phragmites to
grow in contaminated sites, where this may contribute to its
invasiveness (Meyerson et al., 2000), although endophytic micro-
bial population shifts are observed along with environmental
changes (Ravit et al., 2007; Ma et al., 2013). Overall, the presence
of endophytes leads to an increase in plant-produced antioxi-
dants and general up-regulation of other stress-defensive mech-
anisms that may enhance stress tolerance and increase invasive
success (Waller et al., 2005; Hamilton et al., 2012; Torres et al.,
2012).
PHRAGMITES MANAGEMENT VIA MICROBIOME MANIPULATION
The control of Phragmites in North America has become very
resource-intensive and difficult to maintain. A recent study of
land managers found that, between 2005 and 2009, about $4.6
million was spent annually on mechanical and chemical control
of Phragmites on over 80,000 hectares in the United States, but
there is no significant relationship between the resources invested
and control success (Martin and Blossey, 2013). These findings
indicate that there is a need for improved control methods using
more effective and sustainable approaches.
Successful management of invasive Phragmites, like other
invasive plant species, would benefit from an integrated man-
agement approach that engages multiple stakeholders and can
attract substantial long-term funding. As a result of this need,
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researchers at the U.S. Geological Survey partnered with the
Great Lakes Commission to use principles of the collective impact
approach (Kania and Kramer, 2011) to establish the Collaborative
for Microbial Symbiosis and Phragmites Management (hereafter
called the Phragmites Symbiosis Collaborative or PSC). The PSC
was initiated in February 2013 to advance microbe-based research
on the control of invasive Phragmites. This powerful collaborative
approach is new because it brings together an international group
of researchers from many disciplines and agencies to focus on the
development of an innovative microbe-based control strategy for
invasive Phragmites.
The objectives of the PSC are to establish the current state
of the science, identify research gaps, and develop a science
strategy (i.e., research agenda) to guide and support research
on microbial symbiosis to maximize collective progress toward
an integrated Phragmites control and habitat restoration strat-
egy. The PSC agenda (Table 1) includes explicit steps that guide
the scientific community in the development of new control
methods based on microbiome manipulation. These mutu-
ally reinforcing steps target the competitive abilities of invasive
Phragmites, as well as lay out principles and approaches that
will serve as a foundation for application of microbiome manip-
ulations to other invasive species. Using the five conditions of
collective impact (a common agenda, a shared measurement
system, mutually reinforcing activities, continuous communica-
tion, and a backbone support organization) to plan and sup-
port the initiative (Kania and Kramer, 2011), this collabora-
tion of scientists is fostering progress toward a broader overall
vision to maximize the collective impact of individual research
efforts.
SUMMARY
Microbial communities affect plant health and productivity in
many ways and likely contribute to the competitive success of
invasive plant species. The symbiotic relationships between inva-
sive plant species and their associated microbes offer a new target
for development of control methods and management strate-
gies. However, the spatial and temporal composition of micro-
bial communities in invasive plants, as well as the roles they
play in plant competition, are not well-characterized. Similarly,
approaches for microbiome manipulation as a form of invasive
species control are under development. Therefore, this paper
reviewed the relevant science relating to plant-microbial inter-
actions and identified a conceptual strategy for uncovering the
microbial interactions that could influence invasion success. A
case study on the invasive grass Phragmites australis showed
how the collective impact approach can be applied to create a
science agenda for development of microbe-based control strate-
gies. The steps outlined in this case study will serve as both
a foundation for similar microbe-based control efforts target-
ing other invasive species and a model of the collective impact
approach that can be applied to other avenues of research
and management.
AUTHOR CONTRIBUTIONS
The manuscript was drafted by KK, CB, WB, HB, KC, ML, MM,
EN, MT, and JW with editorial remarks from DW.
ACKNOWLEDGMENTS
Financial support from the U.S. Geological Survey, NOAA
Maryland SeaGrant, and the Great Lakes Restoration Initiative
allowed the research team to complete this project. We thank
Katherine Hollins and other staff at the Great Lakes Commission
for scientific and administrative contributions. We thank Aubrey
Scott for background materials and formatting assistance. We
thank Ellen Crocker for her early contributions to the process.
Finally, we thank the known and anonymous reviewers for their
constructive comments. Any use of trade, product, or firm names
is for descriptive purposes only and does not imply endorsement
by the U.S. Government. This article is Contribution 1912 of the
USGS Great Lakes Science Center.
REFERENCES
Allen, M. F. (1991). The Ecology of Mycorrhizae. Cambridge: Cambridge University
Press.
Alvarez-Loayza, P., White, J. F. Jr., Torres, M. S., Balslev, H., Kristiansen, T.,
Svenning, J.-C., et al. (2011). Light converts endosymbiotic fungus to pathogen,
influencing seedling survival and niche-space filling of a common tropical tree,
Iriartea deltoidea. PLoS ONE 6:e16386. doi: 10.1371/journal.pone.0016386
Angelini, P., Rubini, A., Gigante, D., Reale, L., Pagiotti, R., and Venanzoni, R.
(2012). The endophytic fungal communities associated with the leaves and
roots of the common reed (Phragmites australis) in Lake Trasimeno (Perugia,
Italy) in declining and healthy stands. Fungal Ecol. 5, 683–693. doi: 10.1016/
j.funeco.2012.03.001
Babbitt, B. (1998). “Statement by secretary of the interior on invasive alien species,”
in Proceedings, National Weed Symposium, (BLM Weed Page).
Back, C. L., and Holomuzki, J. R. (2008). Long-term spread and control of invasive,
Common Reed (Phragmites australis) in Sheldon Marsh, Lake Erie. Ohio J. Sci.
108, 108–112.
Bacon, C. W., and Hinton, D. M. (1999). Use of Bacillus subtilis as an Endophyte for
the Control of Diseases Caused by Fungi. U.S. Patent 5,994,117.
Bains, G., Kumar, A. S., Rudruppa, T., Alff, E., Hanson, T. E., and Bais, H. P. (2009).
Native plant and microbial contributions to a negative plant-plant interaction.
Plant Physiol. 151, 2145–2151. doi: 10.1104/pp.109.146407
Baker, H. G., and Stebbins, G. L. (1965). The Genetics of Colonizing Species. New
York, NY: Academic Press.
Ban, R., Viranyi, F., and Obadovics, C. (1998). Survey of pathogenic fungi in
different reed stands. Novenytermeles 47, 407–416.
Beckstead, J., and Parker, I. M. (2003). Invasiveness of Ammophila arenaria: release
from soil-borne pathogens? Ecology 84, 2824–2831. doi: 10.1890/02-0517
Berg, G., Grube, M., Schloter, M., and Smalla, K. (2014). The plant microbiome
and its importance for plant and human health. Front. Microbiol. 5:491. doi:
10.3389/fmicb.2014.00491
Bever, J. D., Dickie, I. A., Facelli, E., Facelli, J. M., Klironomos, J., Moora, M., et al.
(2010). Rooting theories of plant community ecology in microbial interactions.
Trends Ecol. Evol. 25, 468–478. doi: 10.1016/j.tree.2010.05.004
Blossey, B. (1999). Before, during and after: the need for long-term monitoring
in invasive plant species management. Biol. Invasions 1, 301–311. doi: 10.1023/
A:1010084724526
Borer, E. T., Kinkel, L. L., May, G., and Seabloom, E. W. (2013). The world within:
quantifying the determinants and outcomes of a host’s microbiome. Basic Appl.
Ecol. 14, 533–539. doi: 10.1016/j.baae.2013.08.009
Bourgeau-Chavez, L., Kowalski, K. P., Carlson Mazur, M. L., Scarbrough, K. A.,
Powell, R. B., Brooks, C. N., et al. (2013). Mapping invasive Phragmites australis
in the coastal Great Lakes with ALOS PALSAR satellite imagery for decision
support. J. Gt. Lakes Res. 39, 65–77. doi: 10.1016/j.jglr.2012.11.001
Bulgarelli, D., Schlaeppi, K., Spaepen, S., van Themaat, E. V. L., and Schulze-
Lefert, P. (2013). Structure and functions of the bacterial microbiota of plants.
Annu. Rev. Plant Biol. 64, 807–838. doi: 10.1146/annurev-arplant-050312-
120106
Burdon, J. J., Groves, R. H., and Cullen, J. M. (1981). The impact of biological
control on the distribution and abundance ofChondrilla juncea in south-eastern
Australia. J. Appl. Ecol. 18, 957–966. doi: 10.2307/2402385
www.frontiersin.org February 2015 | Volume 6 | Article 95 | 9
Kowalski et al. Microbial symbiosis and invasive species management
Carlson, M. L., Kowalski, K. P., and Wilcox, D. A. (2009). Promoting species estab-
lishment in a Phragmites-dominated Great Lakes coastal wetland. Nat. Area J.
29, 263–280. doi: 10.3375/043.029.0306
Center, T. D., Frank, J. H., and Dray, F. A. (1997). “Biological control,” in Strangers
in Paradise, eds D. Simberloff, D. C. Schmitz, and T. C. Brown (Washington,
DC: Island Press), 245–266.
Chambers, R. M., Meyerson, L. A., and Saltonstall, K. (1999). Expansion of
Phragmites australis into tidal wetlands of North America. Aquat. Bot. 64,
261–273. doi: 10.1016/S0304-3770(99)00055-8
Chaparro, J. M., Sheflin, A. M., Manter, D. K., and Vivanco, J. M. (2012).
Manipulating the soil microbiome to increase soil health and plant fertility. Biol.
Fertil. Soils 48, 489–499. doi: 10.1007/s00374-012-0691-4
Chen, W.-M., Tang, Y.-Q., Mori, K., and Wu, X.-L. (2012). Distribution of
culturable endophytic bacteria in aquatic plants and their potential for
bioremediation in polluted waters. Aquat. Biol. 15, 99–110. doi: 10.3354/
ab00422
Clay, K., and Holah, J. (1999). Fungal endophyte symbiosis and plant diversity in
successional fields. Science 285, 1742–1744. doi: 10.1126/science.285.5434.1742
Clay, K., and Schardl, C. (2002). Evolutionary origins and ecological consequences
of endophyte symbiosis with grasses. Am. Nat. 160, S99–S127. doi: 10.1086/
342161
Coats, V. C., and Rumpho, M. E. (2014). The rhizosphere microbiota of plant
invaders: an overview of recent advances in the microbiomics of invasive plants.
Front. Microbiol. 5:368. doi: 10.3389/fmicb.2014.00368
Compant, S., Clément, C., and Sessitsch, A. (2010). Plant growth-promoting bacte-
ria in the rhizo- and endosphere of plants: their role, colonization, mechanisms
involved and prospects for utilization. Soil Biol. Biochem. 42, 669–678. doi:
10.1016/j.soilbio.2009.11.024
Contreras-Cornejo, H. A., Macías-Rodríguez, L., Cortés-Penagos, C., and López-
Bucio, J. (2009). Trichoderma virens, a plant beneficial fungus, enhances
biomass production and promotes lateral root growth through an auxin-
dependent mechanism in Arabidopsis. Plant Phys. 149, 1579–1592. doi:
10.1104/pp.108.130369
Cox, C., and McEvoy, P. (1991). Successful biological control of ragwort, Senecio
jacobaea, by introduced insects in Oregon. Ecol. Appl. 1, 430–442. doi: 10.2307/
1941900
Creed, R. P. (2000). Is there a new keystone species in North American lakes and
rivers? Oikos 91, 405–408. doi: 10.1034/j.1600-0706.2000.910222.x
Creed, R. P., and Sheldon, S. P. (1995). Weevils and watermilfoil - did a North-
American herbivore cause the decline of an exotic plant. Ecol. Appl. 5,
1113–1121. doi: 10.2307/2269358
Darwin, C. (1872). The Origin of Species, 6th Edn. Chicago, IL: Thompson and
Thomas.
Delaye, L., Garcia-Guzman, G., and Heil, M. (2013). Endophytes versus biotrophic
and necrotrophic pathogens-are fungal lifestyles evolutionarily stable traits?
Fungal Divers. 60, 125–135. doi: 10.1007/s13225-013-0240-y
Dennis, P. G., Miller, A. J., and Hirsch, P. R. (2010). Are root exudates more
important than other sources of rhizodeposits in structuring rhizosphere bac-
terial communities? FEMS Microbiol. Ecol. 72, 313–327. doi: 10.1111/j.1574-
6941.2010.00860.x
de Vrieze, J. (2013). The promise of poop. Science 341, 954–957. doi: 10.1126/
science.341.6149.954
DeWalt, S. J., Denslow, J. S., and Ickes, K. (2004). Natural-enemy release facili-
tates habitat expansion of the invasive tropical shrub Clidemia hirta. Ecology
85, 471–483. doi: 10.1890/02-0728
Diehl, W. W. (1950). Balansia and the Balansiae in America. Agriculture Monograph
No. 4. Washington, DC: USDA.
Dumbrell, A. J., Nelson, M., Helgason, T., Dytham, C., and Fitter, A. H. (2010).
Idiosyncrasy and overdominance in the structure of natural communities of
arbuscular mycorrhizal fungi: is there a role for stochastic processes? J. Ecol.
98, 419–428. doi: 10.1111/j.1365-2745.2009.01622.x
Elton, C. S. (1958). The Ecology of Invasions by Animals and Plants. London:
Methuen. doi: 10.1007/978-1-4899-7214-9
Engel, P., and Moran, N. A. (2013). The gut microbiota of insects - diversity in
structure and function. FEMS Microbiol. Rev. 37, 699–735. doi: 10.1111/1574-
6976.12025
Ernst, M., Mendgen, K. W., and Wirsel, S. G. (2003). Endophytic fungal mutu-
alists: seed-borne Stagonospora spp. enhance reed biomass production in
axenic microcosms. Mol. Plant Microbe Interact. 16, 580–587. doi: 10.1094/
MPMI.2003.16.7.580
Fischer, M. S., and Rodriguez, R. J. (2013). Fungal endophytes of invasive
Phragmites australis populations vary in species composition and fungicide
susceptibility. Symbiosis 61, 55–62. doi: 10.1007/s13199-013-0261-z
Flory, S. L., and Clay, K. (2013). Pathogen accumulation and long-term dynamics
of plant invasions. J. Ecol. 101, 607–613. doi: 10.1111/1365-2745.12078
Flory, S. L., Kleczewski, N., and Clay, K. (2011). Ecological consequences of
pathogen accumulation on an invasive grass. Ecosphere 2, 120. doi: 10.1890/
ES11-00191.1
Gilbert, S. F., Sapp, J., and Tauber, A. I. (2012). A symbiotic view of life: we have
never been individuals. Q. Rev. Biol. 87, 325–341. doi: 10.1086/668166
Gond, S. K., Bergen, M. S., Torres, M. S., and White, J. F. Jr. (2014). Endophytic
Bacillus spp. produce antifungal lipopeptides and induce host defence gene
expression in maize. Microbiol. Res. doi: 10.1016/j.micres.2014.11.004. [Epub
ahead of print].
Great Lakes Restoration Initiative. (2010). Action Plan. Available online at: http://
greatlakesrestoration.us/pdfs/glriactionplan.pdf (Accessed 7 November, 2013).
Great Lakes Restoration Initiative. (2014). Action Plan II. Available online at: http://
greatlakesrestoration.us/actionplan/pdfs/glri-action-plan-2.pdf (Accessed 25
September, 2014).
Gutknecht, J. L., Goodman, R. M., and Balser, T. C. (2006). Linking soil process and
microbial ecology in freshwater wetland ecosystems. Plant Soil 289, 17–34. doi:
10.1007/s11104-006-9105-4
Hadar, Y., and Papadopoulou, K. K. (2012). Suppressive composts: microbial
ecology links between abiotic environments and healthy plants. Annu. Rev.
Phytopathol. 50, 133–153. doi: 10.1146/annurev-phyto-081211-172914
Hamilton, C. E., Gundel, P. E., Helander, M., and Saikkonen, K. (2012). Endophytic
mediation of reactive oxygen species and antioxidant activity in plants: a review.
Fungal Divers. 54, 1–10. doi: 10.1007/s13225-012-0158-9
Harman, G. E., Howell, C. R., Viterbo, A., Chet, I., and Lorito, M. (2004).
Trichoderma species—opportunistic, avirulent plant symbionts. Nat. Rev.
Microbiol. 2, 43–56. doi: 10.1038/nrmicro797
Hassell, M. P. (2000). The Spatial and Temporal Dynamics of Host-Parasitoid
Interactions. Oxford: Oxford University Press.
Hazelton, E. L. G., Mozdzer, T. J., Burdick, D., Kettenring, K. M., and Whigham,
D. (2014). Phragmites australis management in the United States: 40 years of
methods and outcomes. AoB Plants. 6:plu001. doi: 10.1093/aobpla/plu001
Hellings, S. E., and Gallagher, J. L. (1992). The effects of salinity and flooding on
Phragmites australis. J. Appl. Ecol. 29, 41–49. doi: 10.2307/2404345
Hirsch, A. M. (2004). Plant-microbe symbioses: a continuum from commensalism
to parasitism. Symbiosis 37, 345–363.
Hirsch, P. R., Miller, A. J., and Dennis, P. G. (2013). “Do root exudates exert more
influence on rhizosphere bacterial community structure than other rhizode-
posits?” in Molecular Microbial Ecology of the Rhizosphere, ed F. J. de Bruijn
(Hoboken, NJ: John Wiley & Sons, Inc.), 229–242.
Holdredge, C., Bertness, M. D., von Wettberg, E., and Silliman, B. R.
(2010). Nutrient enrichment enhances hidden differences in phenotype to
drive a cryptic plant invasion. Oikos 119, 1776–1784. doi: 10.1111/j.1600-
0706.2010.18647.x
Holm, L. G., Plucknett, D. L., Pancho, J. V., and Herberger, J. P. (1977). The World’s
WorstWeeds. Distribution and Biology. Honolulu, HI: University of Hawaii Press.
Hudson, P. J., Dobson, A. P., and Newborn, D. (1998). Prevention of pop-
ulation cycles by parasite removal. Science 282, 2256–2258. doi: 10.1126/
science.282.5397.2256
Huss-Danell, K. (1997). Tansley review no 93 - Actinorhizal symbioses and their
N-2 fixation. New Phytol. 136, 375–405. doi: 10.1046/j.1469-8137.1997.00755.x
John, R. P., Tyagi, R. D., Brar, S. K., Surampalli, R. Y., and Prévost, D. (2011).
Bio-encapsulation of microbial cells for targeted agricultural delivery. Crit. Rev.
Biotech. 31, 211–226. doi: 10.3109/07388551.2010.513327
Kania, J., and Kramer, M. (2011). Collective impact. Stanford Soc. Innov. Rev. 1,
36–41.
Kaymak, H. C. (2011). “Potential of PGPR in agricultural innovations” in
Plant Growth and Health Promoting Bacteria, ed D. K. Maheshwari (Berlin;
Heidelberg: Springer), 45–79.
Kettenring, K. M., and Adams, C. R. (2011). Lessons learned from invasive plant
control experiments: a systematic review and meta−analysis. J. Appl. Ecol. 48,
970–979. doi: 10.1111/j.1365-2664.2011.01979.x
Frontiers in Microbiology | Plant-Microbe Interaction February 2015 | Volume 6 | Article 95 | 10
Kowalski et al. Microbial symbiosis and invasive species management
Kettenring, K. M., de Blois, S., and Hauber, D. P. (2012). Moving from a regional
to a continental perspective of Phragmites australis invasion in North America.
AoB Plants 2012:pls040. doi: 10.1093/aobpla/pls040
Knevel, I. C., Lans, T., Menting, F. B. J., Hertling, U. M., and van der Putten, W.
H. (2004). Release from native root herbivores and biotic resistance by soil
pathogens in a new habitat both affect the alien Ammophila arenaria in South
Africa. Oecologia 141, 502–510. doi: 10.1007/s00442-004-1662-8
Kogel, K. H., Franken, P., andHuckelhoven, R. (2006). Endophyte or parasite - what
decides? Curr. Opin. Plant Biol. 9, 358–363. doi: 10.1016/j.pbi.2006.05.001
Kohl, K. D. (2012). Diversity and function of the avian gut microbiota. J. Comp.
Physiol. B 182, 591–602. doi: 10.1007/s00360-012-0645-z
Kohl, K. D., Cary, T. L., Karasov, W. H., and Dearing, M. D. (2013). Restructuring
of the amphibian gut microbiota through metamorphosis. Environ. Microbiol.
Rep. 5, 899–903. doi: 10.1111/1758-2229.12092
Kueneman, J. G., Parfrey, L. W., Woodhams, D. C., Archer, H. M., Knight, R.,
and McKenzie, V. J. (2014). The amphibian skin-associated microbiome across
species, space and life history stages. Mol. Ecol. 23, 1238–1250. doi: 10.1111/
mec.12510
Lambert, A. M., and Casagrande, R. A. (2006). No evidence of fungal endophytes
in native and exotic Phragmites australis. Northeastern Nat. 13, 561–568. doi:
10.1656/1092-6194(2006)13[561:NEOFEI]2.0.CO;2
Larimer, A. L., Bever, J. D., and Clay, K. (2010). The interactive effects of plant
microbial symbionts: a review and meta-analysis. Symbiosis 51, 139–148. doi:
10.1007/s13199-010-0083-1
Ley, R. E., Hamady, M., Lozupone, C., Turnbaugh, P. J., Ramey, R. R., Bircher, J.
S., et al. (2008). Evolution of mammals and their gut microbes. Science 320,
1647–1651. doi: 10.1126/science.1155725
Li, Y. H., Zhu, J. N., Liu, Q. F., Liu, Y., Liu, L., and Zhang, Q. (2013). Comparison of
the diversity of root associated bacteria in Phragmites australis and Typha angus-
tifolia L. in artificial wetlands. World J. Microbiol. Biotechnol. 29, 1499–1508. doi:
10.1007/s11274-013-1316-2
Li, Y. H., Zhu, Y. H., Zhai, H. H., and Zhang, Q. (2010). Endophytic bacte-
rial diversity in roots of Phragmites australis in constructed Beijing Chihu
wetland (China). FEMS Microbiol. Lett. 309, 84–93. doi: 10.1111/j.1574-
6968.2010.02015.x
Lissner, J., Shierup, H. H., Comin, F. A., and Astroga, V. (1999). Effect of climate on
the salt tolerance of two Phragmites australis populations. I. Growth, inorganic
solutes, nitrogen relations and osmoregulation. Aquat. Bot. 64, 317–333. doi:
10.1016/S0304-3770(99)00060-1
Llirós, M., Trias, R., Borrego, C., and Bañeras, L. (2013). Specific Archaeal commu-
nities are selected on the root surfaces of Ruppia spp. and Phragmites australis.
Wetlands 34, 403–411. doi: 10.1007/s13157-013-0507-9
Lugtenberg, B., and Kamilova, F. (2009). Plant-growth-promoting rhizobacte-
ria. Annu. Rev. Microbiol. 63, 541–556. doi: 10.1146/annurev.micro.62.081307.
162918
Ma, B., Lv, X. F., Warren, A., and Gong, J. (2013). Shifts in diversity and community
structure of endophytic bacteria and archaea across root, stem and leaf tissues
in the common reed, Phragmites australis, along a salinity gradient in a marine
tidal wetland of northern China. Antonie Van Leeuwenhoek 104, 759–768. doi:
10.1007/s10482-013-9984-3
Mack, R. N. (1996). Predicting the identity and fate of plant invaders: emer-
gent and emerging approaches. Biol. Conserv. 78, 107–121. doi: 10.1016/
0006-3207(96)00021-3
Mal, T. K., and Narine, L. (2004). The biology of Canadian weeds. 129. Phragmites
australis (Cav.) Trin. ex Steud. Can. J. Plant Sci. 84, 365–396. doi: 10.4141/
P01-172
Malcolm, G. M., Kuldau, G. A., Gugino, B. K., and Jimenez-Gasco Mdel, M.
(2013). Hidden host plant associations of soilborne fungal pathogens: an eco-
logical perspective. Phytopathology 103, 538–544. doi: 10.1094/PHYTO-08-12-
0192-LE
Malfanova, N., Lugtenberg, B. J. J., and Berg, G. (2013). “Bacterial Endophytes: who
and where, and what are they doing there?” in Molecular Microbial Ecology of the
Rhizosphere, Vol. 1, 2, ed F. J. de Bruijn (Hoboken, NJ: John Wiley & Sons, Inc).
doi: 10.1002/9781118297674.ch36
Marks, M., Lapin, B., and Randall, J. (1994). Phragmites australis (P. communis):
threats, management and monitoring. Nat. Areas J. 14, 285–294.
Maron, J. L., Vila, M., and Arnason, J. (2004). Loss of enemy resistance among
introduced populations of St. John’s Wort (Hypericum perforatum). Ecology 85,
3243–3253. doi: 10.1890/04-0297
Martin, L. J., and Blossey, B. (2013). The runaway weed: costs and failures of
Phragmites australismanagement in the USA. Estuaries Coasts 36, 626–632. doi:
10.1007/s12237-013-9593-4
Mazurkiewicz-Zapalowicz, K. (2010). Microscopic fungi of Phragmites australis in
the littoral or two lakes in Drawa National Park (NW Poland). Pol. Bot. J. 55,
381–389.
Mendes, R., Garbeva, P., and Raaijmakers, J. M. (2013). The rhizosphere
microbiome: significance of plant beneficial, plant pathogenic, and human
pathogenic microorganisms. FEMS Microbiol. Rev. 37, 634–663. doi: 10.1111/
1574-6976.12028
Mendes, R., Kruijt, M., de Bruijn, I., Dekkers, E., van der Voort, M., Schneider,
J. H. M., et al. (2011). Deciphering the rhizosphere microbiome for
disease-suppressive bacteria. Science 332, 1097–1100. doi: 10.1126/science.
1203980
Meyerson, L. A., Saltonstall, K., Windham, L., Kiviat, E., and Findlay, S. (2000).
A comparison of Phragmites australis in freshwater and brackish marsh envi-
ronments in North America. Wetland Ecol. Manag. 9, 89–103. doi: 10.1023/
A:1008432200133
Minchinton, T. E., and Bertness, M. D. (2003). Distrubance-mediated competi-
tion and the spread of Phragmites australis, in a costal marsh. Ecol. Appl. 13,
1400–1416. doi: 10.1890/02-5136
Mitchell, C. E., and Power, A. G. (2003). Release of invasive plants from fungal and
viral pathogens. Nature 421, 625–627. doi: 10.1038/nature01317
Morse, L. E., Kartesz, J. T., and Kutner, L. S. (1995). “Native vascular plants,” in
Our Living Resources: A Report to the Nation on the Distribution, Abundance,
and Health of U.S. Plants, Animals and Ecosystems, eds E. T. LaRoe, G. S. Farris,
C. E. Puckett, P. D. Doran, and M. J. Mac (Washington, DC: U.S. Department
of the Interior, National Biological Service), 205–209.
Mozdzer, T. J., Brisson, J., and Hazelton, E. L. (2013). Physiological ecology and
functional traits of North American native and Eurasian introduced Phragmites
australis lineages. AoB Plants 5, plt048. doi: 10.1093/aobpla/plt048
Mozdzer, T. J., and Megonigal, J. P. (2012). Jack-and-master trait responses to ele-
vated CO2 and N: a comparison of native and introduced Phragmites australis.
PLoS ONE 7:e42794. doi: 10.1371/journal.pone.0042794
Muegge, B. D., Kuczynski, J., Knights, D., Clemente, J. C., Gonzalez, A., Fontana,
L., et al. (2011). Diet drives convergence in gut microbiome functions across
mammalian phylogeny and within humans. Science 332, 970–974. doi: 10.1126/
science.1198719
Michigan Department of Natural Resources. (2010). A guide to the control and
management of invasive Phragmites, Second Edn. Available online at: http://
www.michigan.gov/documents/dnr/PhragBookEmail2164737.pdf (Accessed
25 September, 2014).
Nechwatal, J., Wielgoss, A., and Mendgen, K. (2008). Diversity, host, and habi-
tat specificity of oomycete communities in declining reed stands (Phragmites
australis) of a large freshwater lake. Mycol. Res. 112, 689–696. doi: 10.1016/
j.mycres.2007.11.015
Nelson, E. B., and Karp, M. A. (2013). Soil pathogen communities associated with
native and non-native Phragmites australis populations in freshwater wetlands.
Ecol. Evol. 3, 5254–5267. doi: 10.1002/ece3.900
Nelson, L. M. (2004). Plant growth promoting rhizobacteria (PGPR): Prospects for
new inoculants. Crop Man 3. doi: 10.1094/CM-2004-0301-05-RV
Newton, A. C., Fitt, B. D. L., Atkins, S. D., Walters, D. R., and Daniell, T. J. (2010).
Pathogenesis, parasitism and mutualism in the trophic space of microbe-
plant interactions. Trends Microbiol. 18, 365–373. doi: 10.1016/j.tim.2010.
06.002
Normander, B., and Prosser, J. I. (2000). Bacterial origin and community compo-
sition in the barley phytosphere as a function of habitat and presowing condi-
tions. Appl. Environ. Microbiol. 66, 4372–4377. doi: 10.1128/AEM.66.10.4372-
4377.2000
Parker, I. M., and Gilbert, G. S. (2004). The evolutionary ecology of novel plant-
pathogen interactions. Annu. Rev. Ecol. Evol. S 35, 675–700. doi: 10.1146/
annurev.ecolsys.34.011802.132339
Parker,M. A. (2001).Mutualism as a constraint on invasion success for legumes and
rhizobia. Divers. Distrib. 7, 125–136. doi: 10.1046/j.1472-4642.2001.00103.x
Peñuelas, J., and Terradas, J. (2014). The foliar microbiome. Trends Plant Sci. 19,
278–280. doi: 10.1016/j.tplants.2013.12.007
Pflughoeft, K. J., and Versalovic, J. (2012). Human microbiome in health and
disease. Annu. Rev. Pathol. Mech. 7, 99–122. doi: 10.1146/annurev-pathol-
011811-132421
www.frontiersin.org February 2015 | Volume 6 | Article 95 | 11
Kowalski et al. Microbial symbiosis and invasive species management
Pimentel, D. (2005). Environmental and economic costs of the recommended
application of pesticides. Environ. Dev. Sustain 7, 229–252. doi: 10.1007/s10668-
005-7314-2
Pimentel, D., Lach, L., Zuniga, R., and Morrison, D. (2000). Environmental and
economic costs of nonindigenous species in the United States. BioScience 50,
53–65. doi: 10.1641/0006-3568(2000)050[0053:EAECON]2.3.CO;2
Ravit, B., Ehrenfeld, J. G., Haggblom, M. M., and Bartels, M. (2007). The effects of
drainage and nitrogen enrichment on Phragmites australis, Spartina alterniflora
and their root –associated microbial communities. Wetlands 27, 915–927. doi:
10.1672/0277-5212(2007)27[915:TEODAN]2.0.CO;2
Reed, M. L. E., Warner, B. G., and Glick, B. R. (2005). Plant growth–promoting
bacteria facilitate the growth of the common reed Phragmites australis in the
presence of copper or polycyclic aromatic hydrocarbons. Curr. Microbiol. 51,
425–429. doi: 10.1007/s00284-005-4584-8
Reid, A. M., Morin, L., Downey, P. O., French, K., and Virtue, J. G. (2009). Does
invasive plant management aid the restoration of natural ecosystems? Biol.
Conserv. 142, 2342–2349. doi: 10.1016/j.biocon.2009.05.011
Reinhart, K. O., Packer, A., Van der Putten, W. H., and Clay, K. (2003). Plant-
soil biota interactions and spatial distribution of black cherry in its native and
invasive ranges. Ecol. Lett. 6,1046–1050. doi: 10.1046/j.1461-0248.2003.00539.x
Rejmanek, M. (2000). Invasive plants: approaches and predictions. Austral Ecol 25,
497–506. doi: 10.1046/j.1442-9993.2000.01080.x
Richardson, D. M., Allsopp, N., D’Antonio, C. M., Milton, S. J., and Rejmanek,
M. (2000). Plant invasions—the role of mutualisms. Biol. Rev. 75, 65–93. doi:
10.1111/j.1469-185X.1999.tb00041.x
Rizzo, D.M., and Garbelotto, M. (2003). Sudden oak death: endangering California
and Oregon forest ecosystems. Front. Ecol. Environ. 1, 197–204. doi: 10.1890/
1540-9295(2003)001[0197:SODECA]2.0.CO;2
Rodriguez, R., White, J. F., Arnold, A. E., and Redman, R. S. (2009). Fungal endo-
phytes: diversity and functional roles. New Phytol. 182, 314–330. doi: 10.1111/
j.1469-8137.2009.02773.x
Rogalski, M. A., and Skelly, D. K. (2012). Positive effects of nonnative inva-
sive Phragmites australis on larval bullfrogs. PloS ONE 7:e44420. doi: 10.1371/
journal.pone.0044420
Romero, J. A., Brix, H. A., and Comiın, F. A. (1999). Interactive effects of N and P
on growth, nutrient allocation and NH4 uptake kinetics by Phragmites australis.
Aquat. Bot. 64, 369–380 doi: 10.1016/S0304-3770(99)00064-9
Rout, M. E. (2014). The plant microbiome.Adv. Bot. Res. 69, 279–309. doi: 10.1016/
B978-0-12-417163-3.00011-1
Rudgers, J. A., and Clay, K. (2008). An invasive plant-fungal mutualism
reduces arthropod diversity. Ecol. Lett. 11, 831–840. doi: 10.1111/j.1461-
0248.2008.01201.x
Rudrappa, T., Bonsall, J., Gallagher, J. L., Seliskar, D. M., and Bais, H. P. (2007).
Root-secreted allelochemical in the noxious weed Phragmites australis deploys
a reactive oxygen species response and microtubule assembly disruption to
execute rhizotoxicity. J. Chem. Ecol. 33, 1898–1918. doi: 10.1007/s10886-007-
9353-7
Saltonstall, K. (2002). Cryptic invasion by a non-native genotype of the common
reed, Phragmites australis, into North America. Proc. Natl. Acad. Sci. U.S.A. 99,
2445–2449. doi: 10.1073/pnas.032477999
Saltonstall, K., Peterson, P. M., and Soreng, R. J. (2004). Recognition of Phragmites
australis subsp americanus (Poaceae: Arundinoideae) in North America: evi-
dence from morphological and genetic analyses. SIDA Cont. Bot. 21, 683–692.
Scheffer, R. P. (1997). The Nature of Disease in Plants, 1st Edn. Cambridge:
Cambridge University Press.
Scholthof, K. B. G. (2007). The disease triangle: pathogens, the environment and
society. Nat. Rev. Microbiol. 5, 152–156. doi: 10.1038/nrmicro1596
Silliman, B. S., and Bertness, M. D. (2004). Shoreline development drives inva-
sion of Phragmites australis and the loss of plant diversity on New England
salt marshes. Conserv. Biol. 18, 1424–1434. doi: 10.1111/j.1523-1739.2004.
00112.x
National Invasive Species Council. (2014). Invasive Species Interagency Crosscut
Budget. Available online at: http://www.invasivespecies.gov/global/orgcollab
budget/orgcollabbudgetdocuments/NISC2013CrosscutBudgetSummary.pdf
(Accessed 14 May, 2014).
Stephenson, S., Tsui, C., and Rollins, A. (2013). “Methods for sampling and ana-
lyzing wetland fungi,” inWetland Techniques, eds J. T. Anderson and C. A. Davis
(Netherlands: Springer), 93–121.
Stovall, M. E., and Clay, K. (1988). The effect of the fungus, Balansia cyperi Edg., on
growth and reproduction of purple nutsedge, Cyperus rotundus L. New Phytol.
109, 351–360. doi: 10.1111/j.1469-8137.1988.tb04205.x
Strong, D. R., and Levin, D. A. (1975). Species richness of the parasitic fungi
of British trees. Proc. Natl. Acad. Sci. U.S.A. 72, 2116–2119. doi: 10.1073/
pnas.72.6.2116
Tanaka, A., Takemoto, D., Chujo, T., and Scott, B. (2012). Fungal endophytes of
grasses. Curr. Opin. Plant Biol. 15, 462–468. doi: 10.1016/j.pbi.2012.03.007
Tanner, R. A., and Gange, A. C. (2013). The impact of two non-native plant species
on native flora performance: potential implications for habitat restoration. Plant
Ecol. 214, 423–432. doi: 10.1007/s11258-013-0179-9
Torres, M. S., White, J. F., Zhang, X., Hinton, D. M., and Bacon, C. W. (2012).
Endophyte-mediated adjustments in host morphology and physiology and
effects on host fitness traits in grasses. Fungal Ecol. 5, 322–330. doi: 10.1016/
j.funeco.2011.05.006
Trebitz, A. S., and Taylor, D. L. (2007). Exotic and invasive aquatic plants in
Great Lakes coastal wetlands: distribution and relation to watershed land use
and plant richness and cover. J. Gt. Lakes Res. 33, 705–721. doi: 10.3394/
0380-1330(2007)33[705:EAIAPI]2.0.CO;2
Tulbure, M. G., Ghioca-Robrecht, D. M., Johnston, C. A., and Whigham, D. F.
(2012). Inventory and ventilation efficiency of nonnative and native Phragmites
australis (common reed) in tidal wetlands of the Chesapeake Bay. Estuaries
Coasts 35, 1353–1359. doi: 10.1007/s12237-012-9529-4
Tulbure, M. G., Johnston, C. A., and Auger, D. L. (2007). Rapid invasion of a Great
Lakes coastal wetland by non-native Phragmites australis and Typha. J. Gt. Lakes
Res. 33, 269–279. doi: 10.3394/0380-1330(2007)33[269:RIOAGL]2.0.CO;2
Turchin, P., Taylor, A. D., and Reeve, J. D. (1999). Dynamical role of preda-
tors in population cycles of a forest insect: an experimental test. Science 285,
1068–1071. doi: 10.1126/science.285.5430.1068
Turner, T. R., James, E. K., and Poole, P. S. (2013). The plant microbiome. Genome
Biol. 14:209. doi: 10.1186/gb-2013-14-6-209
van der Putten, W. H., Klironomos, J. N., and Wardle, D. A. (2007). Microbial
ecology of biological invasions. ISME J. 1, 28–37. doi: 10.1038/ismej.2007.9
van der Putten, W. H., Yeates, G. W., Duyts, H., Reis, C. S., and Karssen, G. (2005).
Invasive plants and their escape from root herbivory: a worldwide comparison
of the root-feeding nematode communities of the dune grass Ammophila are-
naria in natural and introduced ranges. Biol. Invasions 7, 733–746. doi: 10.1007/
s10530-004-1196-3
van Kleunen, M., and Fischer, M. (2009). Release from foliar and floral fun-
gal pathogen species does not explain the geographic spread of naturalized
North American plants in Europe. J. Ecol. 97, 385–392. doi: 10.1111/j.1365-
2745.2009.01483.x
van Nood, E., Speelman, P., Nieuwdorp, M., and Keller, J. (2014). Fecal microbiota
transplantation: facts and controversies. Curr. Opin. Gastroen. 30, 34–39. doi:
10.1097/MOG.0000000000000024
Van Ryckegem, G., and Verbeken, A. (2005). Fungal diversity and community
structure on Phragmites australis (Poaceae) along a salinity gradient in the
Scheldt estuary (Belgium). Nova Hedwigia 80, 173–197. doi: 10.1127/0029-
5035/2005/0080-0173
Vila, M., Maron, J. L., and Marco, L. (2005). Evidence for the enemy release
hypothesis in Hypericum perforatum. Oecologia 142, 474–479. doi: 10.1007/
s00442-004-1731-z
Vitousek, P. M., Walker, L. R., Whiteaker, L. D., Muellerdombois, D., and Matson,
P. A. (1987). Biological invasion byMyrica faya alters ecosystem development in
Hawaii. Science 238, 802–804. doi: 10.1126/science.238.4828.802
Vorholt, J. A. (2012). Microbial life in the phyllosphere. Nat. Rev. Microbiol. 10,
828–840. doi: 10.1038/nrmicro2910
Walker, L. R., and Vitousek, P. M. (1991). An invader alters germination and growth
of native dominant tree in Hawaii. Ecology 72, 1449–1455. doi: 10.2307/1941117
Waller, F., Achatz, B., Baltruschat, H., Fodor, J., Becker, K., Fischer, M., et al. (2005).
The endophytic fungus Piriformospora indica reprograms barley to salt-stress
tolerance, disease resistance, and higher yield. Proc. Natl. Acad. Sci. U.S.A. 102,
13386–13391. doi: 10.1073/pnas.0504423102
Warren, R. S., Fell, P. E., Grimsby, J. L., Buck, E. L., Rilling, G. C., and Fertik, R.
A. (2001). Rates, patterns, and impacts of Phragmites australis expansion and
effects of experimental Phragmites control on vegetation, macroinvertebrates,
and fish within tidelands of the lower Connecticut River. Estuaries 24, 90–107.
doi: 10.2307/1352816
Frontiers in Microbiology | Plant-Microbe Interaction February 2015 | Volume 6 | Article 95 | 12
Kowalski et al. Microbial symbiosis and invasive species management
Weidenhamer, J. D., Li, M., Allman, J., Bergosh, R. G., and Posner, M.
(2013). Evidence does not support a role for gallic acid in Phragmites aus-
tralis invasion success. J. Chem. Ecol. 39, 323–332. doi: 10.1007/s10886-013-
0242-y
White, J. F. Jr., Torres, M. S., Sullivan, R. F., Jabbour, R. E., Chen, Q., Tadych, M.,
et al. (2014). Occurrence of Bacillus amyloliquefaciens as a systemic endophyte
of vanilla orchids.Microsc. Res. Tech. 77, 874–885. doi: 10.1002/jemt.22410
Wielgoss, A., Nechwatal, J., Bogs, C., and Mendgen, K. (2009). Host plant
development, water level and water parameters shape Phragmites australis-
associated oomycete communities and determine reed pathogen dynamics in
a large lake. FEMS Microbiol. Ecol. 69, 255–265. doi: 10.1111/j.1574-6941.2009.
00701.x
Wilcove, D. S., Rothstein, D., Dubow, J., Phillips, A., and Losos, E. (1998).
Quantifying threats to imperiled species in the United States. Bioscience
48,607–615. doi: 10.2307/1313420
Willis, A., Rodrigues, B. F., and Harris, P. J. C. (2013). The ecology of
arbuscular mycorrhizal fungi. Crit. Rev. Plant Sci. 32, 1–20. doi: 10.1080/
07352689.2012.683375
Wirsel, S. G., Leibinger, W., Ernst, M., and Mendgen, K. (2001). Genetic diversity
of fungi closely associated with common reed. New Phytol. 149, 589–598. doi:
10.1046/j.1469-8137.2001.00038.x
Wu, S. G., Wang, G. T., Angert, E. R., Wang, W. W., Li, W. X., and Zou,
H. (2012). Composition, diversity, and origin of the bacterial commu-
nity in grass carp intestine. PloS ONE 7:e30440. doi: 10.1371/journal.pone.
0030440
Ye, L., Amberg, J., Chapman, D., Gaikowski, M., and Liu, W. T. (2014). Fish
gut microbiota analysis differentiates physiology and behavior of invasive
Asian carp and indigenous American fish. ISME J. 8, 541–551. doi: 10.1038/
ismej.2013.181
Zhang, W., Wu, X. K., Liu, G. X., Chen, T., Zhang, G. S., Dong, Z. B., et al.
(2013). Pyrosequencing reveals bacterial diversity in the rhizosphere of three
Phragmites australis ecotypes. Geomicrobiol. J. 30, 593–599. doi: 10.1080/
01490451.2012.740145
Zimpfer, J. F., Kennedy, G. J., Smyth, C. A., Hamelin, J., Navarro, E., and Dawson,
J. O. (1999). Localization of Casuarina-infective Frankia near Casuarina
cunninghamiana trees in Jamaica. Can. J. Bot. 77, 1248–1256. doi: 10.1139/
b99-063
Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Received: 07 October 2014; paper pending published: 15 December 2014; accepted: 26
January 2015; published online: 19 February 2015.
Citation: Kowalski KP, Bacon C, Bickford W, Braun H, Clay K, Leduc-Lapierre M,
Lillard E, McCormick MK, Nelson E, Torres M, White J and Wilcox DA (2015)
Advancing the science of microbial symbiosis to support invasive species management:
a case study on Phragmites in the Great Lakes. Front. Microbiol. 6:95. doi: 10.3389/
fmicb.2015.00095
This article was submitted to Plant-Microbe Interaction, a section of the journal
Frontiers in Microbiology.
Copyright © 2015 Kowalski, Bacon, Bickford, Braun, Clay, Leduc-Lapierre, Lillard,
McCormick, Nelson, Torres, White and Wilcox. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this jour-
nal is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
www.frontiersin.org February 2015 | Volume 6 | Article 95 | 13
Kowalski et al. Microbial symbiosis and invasive species management
GLOSSARY
Arbuscular mycorrhizal fungi (AMF): Group of fungi in order
Glomales that colonize plant roots and enhance plant growth by
increasing absorption of minerals from soils.
Biotic resistance hypothesis: States that species-rich commu-
nities are more resistant to invasion because they are able to use
the resources more efficiently than communities with low species
richness.
Biotrophic: Describes an organism that can live and multiply
only on another living organism, such as parasitic or symbiotic
bacteria and fungi.
Class 1 Fungal endophytes: Fungi in the family Clavicipitaceae
that have a narrow host range (grasses) and colonize shoot and
rhizome tissues.
Class 2 Fungal endophytes: Non-clavicipitaceous fungi that
have a broad host range and colonize shoot, root, and rhizome
tissues.
Class 3 Fungal endophytes: Non-clavicipitaceous fungi
that have a broad host range and colonize above-ground
tissues.
Class 4 Fungal endophytes: Non-clavicipitaceous fungi that
have a broad host range and colonize root tissues.
Collective impact: The commitment of a group of actors from
different sectors to a common agenda for solving a complex
problem; individual impacts are multiplied through collective
effort.
Ecological resistance: Reduced invasion success in a native
community associated with multiple biotic processes, including
predation, competition, herbivory, or disease.
Endophyte: An organism, often a bacterium or fungus, that
lives within the tissues of living plants; relationships with plant
vary from symbiotic to nearly pathogenic.
Enemy release hypothesis: States that the success of exotic
organisms is due to escape from natural enemies within their
native range.
Epichloë: A genus of systemic and constitutive fungal sym-
bionts of cool-season grasses.
Epiphytes: Microbes that grow and persist on plant surfaces.
Haplotype: A designation based on a group of genes within an
organism that was inherited together from a single parent.
Horizontal transmission: Transmission of an infective agent
(e.g., microbe) between individuals in a population.
Microbiome: All of the microorganisms that associate with
another organism either externally or internally.
Mutualism: A relationship between two organisms in which
both benefit from the association.
Mycorrhizal: Refers to fungi that associate with plant roots and
facilitate the uptake of nutrients.
Oomycete: Eukaryotic microorganisms within the kingdom
Chromista, characterized by biflagellate swimming zoospores and
the formation of oospores.
Pathogen: A microbe capable of causing host damage.
Phyllosphere: Surface of plant leaves that may be colonized by
microorganisms.
Phytosphere: Plant ecosystem including the exterior and inte-
rior of both aboveground and belowground portions of plants.
PSC: Collaborative for Microbial Symbiosis and Phragmites
Management.
Rhizosphere: Area of soil surrounding plant roots where the
abundance and activity of microorganisms is elevated due to root
carbon deposition.
Symbiosis: Interaction between two different organisms living
in close association, typically to the advantage of both (includes
mutualism, commensalism, parasitism).
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